The literature contains a large number of bioclimate, climate and biometric models for estimating the production of different species or stands under specific conditions on a defined site or models giving the distribution of a single species. Depending on the model used, the amount of input data required varies considerably and often involves a large investment in time and money. The purpose of this study was to create a model to estimate the annual above-ground biomass production of various species from site conditions defined by mean annual temperature and mean annual precipitation. For this approach, the Miami model of Lieth was used as a base model with some modifications. This first version of the modified model was restricted to sites in Sweden, where changes in the soil and groundwater level were relatively small, and where the growth of land vegetation was mostly dependent on temperature. A validation of this model has shown that it seems possible to use the Miami model to estimate the annual above-ground biomass production of various species, and that it was possible to compare the annual above-ground biomass production of different species on one site, as well as the annual above-ground biomass production of different species on different sites using the modeled data.
Introduction
The growth and geographical distribution of species are influenced by both abiotic and biotic factors. Abiotic factors for plants, also known as physical and chemical factors, are light, climate and geology [1, 2] . Biotic factors are the effects of living organisms on the environment, such as the competition for resources and space, or natural enemies [3] . It is clear that no single factor affects the survival, development and fitness of plants, but that there is an optimum for each factor where plants grow best [4] . An increased distance from the optimum leads to greater stress, until the limit of tolerance is reached and death occurs. As there is no single optimum, but rather a number of different optima for different factors such as temperature, light, moisture, nutrients, etc., and as they are all available to different extents, there is always at least one factor that limits the growth; the one that is least available. This is in essence "the law of limiting factors", first presented by Justus von Liebig in 1840 to explain the influence of chemical nutrients on plant growth. This approach can also be used to explain the existence of different ecosystems in different regions due to different climates [2] . The concept that the distribution of a species in any given region depends on the ecological niches available was introduced by Ellenberg, 1986 , who designed ecograms for the tree species of Europe according to environmental factors [5, 6] .
The distribution of a species can be defined by abiotic factors, such as climate and substrate [7] [8] [9] [10] , and these factors were also used in models for the potential distribution of species. These models can be designed by a mechanistic or empirical approach as envelope models, climate response surfaces, homoclines, ecological niche models or species distribution models. Mechanistic models use critical climatic values for the physiological tolerance of different species to explain the range of distribution of the species. This means that a model for the distribution of a species is based on the critical physiological values measured in laboratory tests. In empirical models, climatic conditions are measured in the field together with the probability of occurrence of different species. These models result in a distribution pattern of the species and make it possible to predict the distribution under diverse climate scenarios. In contrast to mechanistic models, empirical models also show the biotic influences on the species [11] . An example of a mechanistic model for Northern Europe was STASH, which simulated the biogeographical distribution of individual species on a regional scale for the specific case of lodgepole pine (Pinus contorta Dougl.) in Scandinavia using scenarios from the Hamburg ECHAM3 climate model [12] . This bioclimatic model for the potential distributions of tree species in northern Europe was first published in 1996 [13] .
Bioclimatic models on a global scale were used for modeling the carbon cycle. Models estimating the global net primary production (NPP, the difference between the CO2 fixed in plant biomass and the CO2 lost to the atmosphere) in units of bound carbon per unit area per annum are, for example, the Miami model [14] , the Schuur model [15] and the National Center for Ecological Analysis and Synthesis (NCEAS) model [16] . The difference between these models is that the Schuur model was based on an extended data-set available for tropical regions, which allowed a better estimation under tropical climatic conditions than the Miami model [15] . For the NCEAS model, datasets were available from the Ecosystem Model Data Intercomparison (EMDI) project, for both grass-dominated and tree-dominated landscapes. Thus it was possible to calculate correlations for both grass-and tree-dominated sites. Furthermore, besides the NPP, the above-ground NPP (ANPP) was estimated [16, 17] . By comparing the coefficients of determination for the modeled and observed NPPs of the three models with each other, it was shown that the coefficient of the Miami model lies between the coefficients of the two other models [16] . Nevertheless, these models estimate the NPP and not the ABM (above-ground biomass production of a single species in terms of dry matter).
The NPP, which reflects the gross primary production (GPP) minus the atmospheric loss or respiration (R), can be split into above-ground NPP (ANPP) and below-ground NPP (BNPP). The NPP/GPP ratio is between 0.44 and 0.47, and the ratio ANPP/GPP about 0.29 [18, 19] , so that a combination of the two results in an ANPP/NPP ratio of 0.62 to 0.66. Furthermore, since a BNPP/NPP ratio of about 0.35 is known [18] , it can be suggested that the ANPP/NPP ratio is one minus the BNPP/NPP ratio, which leads to an ANPP/NPP ratio of 0.65. These relations show that it should be possible to use a model developed to estimate the NPP as a basis for estimating the ABM.
When one of the NPP models introduced above is used to estimate the ABM, the limiting factors are climatic factors, particularly the mean annual temperature and the mean annual precipitation. This implies that soil conditions can reduce the growth rate and that fertilization supports an increase towards the maximum growth. This was demonstrated in Norway spruce (Picea abies Karst). The production of Norway spruce in northern Sweden increased by 300% and in southern Sweden by 100% when nutrition and water supply were no longer limiting factors [20] . This result impressively showed the impact of the soil, as well as the strong influence that nutrients have on plant production. For that reason and because of the relatively small differences and exceptions regarding soil conditions in Sweden [21, 22] , the soil was not considered in this study, and the focus was set on climatic factors. With regard to the climate, it is important to know which factors are considered and how the borders are defined. Temperature, for example, is a limiting factor not only during the growth season but also during the period of dormancy. Miscanthus spp. is a perennial C4 grass, which has a photosynthetic mechanism obviously better adapted to low temperatures than that of various other C4 plants [23] . Tests in Northern Europe showed, however, that especially in the first two years of cultivation, high losses are possible because of too low winter temperatures [24] . In this context, it can be assumed that climate is the limiting factor for distribution, while soil conditions have a strong impact on the growth rate.
Compared to models estimating the potential distribution of a species, the NPP models mentioned above for the production of all species on a site are defined only by the climate variables. A greater specification of a model for a single species has the advantage of providing a more detailed estimate of the productivity or distribution; but the disadvantage is that the model is valid for only one species. As these models are, in general, complex, the adaptation required for further species is quite extensive. In contrast, no method yet exists to transform a NPP model estimating the productivity over all species into a species-specific model estimating the ABM.
Objectives
The purpose of this work was to estimate and compare the potential above-ground biomass production of some selected species in terms of dry matter (ABM) on two specific sites in Sweden and to assess whether it is possible to transform a global NPP model-the Miami model-into a species-specific ABM model.
Materials and Methods
For modeling the productivity of a species based on climate, a combination of species-specific parameters and climatic factors must be used. The basis of this concept is to find a correlation between productivity and climatic factors and to transform this correlation into a mathematical function. For this work, the mathematical formulation of the Miami model was chosen as a basis; but, since the Miami model estimates NPP, some modifications had to be made. In addition to the transformation of NPP to above-ground biomass production in terms of dry matter (ABM) of a single species, these modifications include the effects of evapotranspiration (E) and species-specific climatic parameters (MATnat).
The Modified Miami Model
In the Miami model, the global net primary production (NPP) is estimated using the limiting productivity level defined either by the mean annual temperature in degrees centigrade (MAT) or the mean annual precipitation in millimeters (MAP). This means that NPP is expressed as: 
where MAT is the mean annual temperature (°C), or as:
where MAP is the mean annual precipitation (mm). Each lower value of NPP is estimated from the two functions:
Equations 1 and 2 are non-linear functions with a maximum productivity of 30 tons per hectare per year [14] . It is suggested that the NPP model can be transformed into a species-specific model by including two species-specific variables, the "maximum above-ground biomass production in the dry matter of a species" (BMmax) and the "MAT of the native distribution area of a species" (MATnat). Figure 1 gives an overview of the transformation of the Miami model. Moreover, it is supposed that evapotranspiration is linearly related to MAT [25] .
The formulations of the two functions of the Miami model (Equations 1 and 2) support this type of modification. The exposed maxima of the two functions can be replaced by the BMmax found in the literature. As the Miami model was not designed for a single species, but for the collectivity of species on a single site, the MBmax has to be multiplied by a constant to avoid systematic underestimation of the biomass production of a single species. This constant is found by approximation of the modeled data to the literature data. Approximation during the validation process showed that for the above-ground biomass production of a species in the dry matter (ABM) modeled by the MAT, multiplication of the BMmax by 1.5 (Equation 4) and for the ABM modeled by the MAP a multiplication of the MBmax by 2 (Equation 5) offer the best estimations by the model. The different BMmax potentials of single species leads to a fan of graphs differing only by a constant expressed by the differences in BMmax. This formulation is problematic for species with a high BMmax and adapted to warmer climates, such as Paulownia spp. [26, 27] . Because of their weak frost resistance, such species can hardy survive under cooler conditions, and this leads to very low or no ABM at low MATs. This requirement can be fulfilled without changing the maximal values by extending the exponential MAT function (Equation 1) by MATnat within the exponent (Equation 4). The influence of MATnat expresses itself in an increasing gradient with an increase in MATnat, resulting in a shift of the zero-point in the direction of the inflexion point of the graph ( Figure 2 ). This means that a higher MATnat leads to the start of biomass production at a higher temperature. The exact formulation of the term for MATnat was found by approximation during the validation process. ); MATnat, mean annual temperature of the native distribution area of a species (°C); ABM, modeled above-ground biomass production of a species in dry matter (Mg ha −1 a −1 ); BMmax, maximal above-ground biomass production in dry matter of a species found in the literature (Mg ha −1 a −1 ); E, mean annual evapotranspiration (mm).
Step 5. Combining both functions by the Minimum formulation MAT is the minimum: MAT explains ABM MAP is the minimum: MAP explains ABM
Step 4. Validation determination of the constants for BM max and coefficients of determination
Step 3. Including evapotranspriation ---extend exponent by E; (MAP-E)>0
Step 2. Including critical minimum temperature extend exponent by a term with MAT nat ---
Step 1. Transformation from NPP to ABM replace NPP max (30) ); MAT mean annual temperature (°C); MATnat, mean annual temperature of the native distribution area of a species (°C).
Higher temperatures may not always result in higher biomass production, as the evapotranspiration increases with increasing temperature [28] . This suggests that the ABM at a constant MAP estimated by the MAP function (Equation 2) is not constant over MAT, but rather decreases (Figure 3 ). In addition, since the MAP equation is an exponential function, the mean annual evapotranspiration (E) has to be included in the exponent to achieve a change of gradient in the MAP graph (Equation 5 ). The linear function of E, as E represents the above-ground water loss compared to MAP as water input, suggests that the best formulation is to subtract E from MAP. A restriction in this formulation is that MAP minus E cannot be negative, as there is no negative biomass production. This restriction is solved by the logic formulation "if the term is negative, set it to zero".
The final formulation of the modified Miami model is: the relationship between the modeled ABM and the MAT, including the MATnat for a single species on a specific site is given by: 
The relationship between E and the MAT is given by:
The relationship between ABM, MAP and MAT is given by:
Where BMmax is the maximum above-ground biomass production in the dry matter of a species (Mg ha −1 a −1 ); MATnat is the mean annual temperature of the native distribution area of a species (°C); E is the mean annual evapotranspiration (mm); MAT is the mean annual temperature (°C); MAP is the mean annual precipitation (mm). Furthermore, the model has two restrictions regarding MAT that have to be considered: 
Validation of the Modified Miami Model
For approximation and validation of the model, four different species were chosen, two of them adapted to cool climates, Norway spruce and reed canary grass (Phalaris arundinacea L.), and two highly productive species with a low frost resistance, Paulownia spp. and Miscanthus spp. Typical MATnat values and very high BMmax values for the four species were found in the literature as input data for the model. The modeled data (ABM) were compared (r 2 ) with the literature data (BMmax), and the result is presented in Table 1 . The species-specific parameters were chosen as follows: Norway spruce is a native species of taiga and montane forests, but cultivation has extended its area in Northern and Central Europe [29] . As the species is native to the boreal forest, a MATnat of 1 °C was suggested. The BMmax was chosen as 15 Mg ha −1 a −1 in accordance with the findings of Bergh, Linderand Bergström [20] . Reed canary grass is native to nearly all of Europe, except above the Arctic Circle and some southern regions. The MATnat for reed canary grass was set at 2 °C, as it grows best under cool and moist conditions [30] , and the BMmax was chosen as 14 Mg ha −1 a −1 [31] .
Paulownia is a species originating from Asia with an average MATnat of about 17 °C [26] . While some species within this genus show frost resistance at about −20°C, others tolerate no frost [27] . Estimations based on growing tests gave values of 35 to 90 Mg ha −1 in two to three years [32] . For this study, 36 Mg ha −1 a −1 (90 divided by 2.5) was chosen as BMmax.
Miscanthus is a highly productive species native to Southeast Asia with a MATnat of about 18 °C [23, 33] . Growth tests on Miscanthus showed that yields of more than 40 Mg ha −1 a −1 could be achieved [34] . Comparison of the BMmax values from the literature with the modeled BMmax shows an underestimation of BMmax, especially at higher MAT. The reason is that the BMmax values from the literature are extremely high values, partly achieved in growing tests. These extreme values can be much higher than average values, because of regional and experimental variation in nutrients and water supply. The difference increases with increasing MAT, because the importance of water as a limiting factor is intensified. The inclusion of MAP and E in the model therefore leads to an underestimation of BMmax by the model compared to the literature data. In the case of Norway spruce, for example, the high BMmax values were achieved by fertilization and irrigation. As modeling was based on a MAP of 718 mm, the impact of the water-limitation increased with increasing MAT.
The values for the coefficient of determination (r 2 ) in Table 1 are between 0.41 and 0.90.
Nevertheless, the small amount and small range of data may reduce the representative significance of the coefficient of determination. Therefore, the coefficient of determination for the different species, the paired samples correlation (t-test), was also used to increase the parameters by combining all the literature data presented in Table 1 under a single variable and comparing them to modeled data. For this purpose, the species-specific parameters (MATnat and BMmax) were exchanged either (1) by using the literature data directly as species-specific parameters or (2) by using average variables over all species for the parameters.
(1) The literature data were compared to modeled data using each single MATnat and BMmax value in the literature directly as a species-specific parameter. The coefficient of determination of this modification was r 2 = 0.903 with p < 0.0001.
(2) The literature data were compared to the modeled data using as parameters the average MATnat and BMmax values from the literature data. The coefficient of determination of this modification was r 2 = 0.759 with p < 0.0001.
For the paired sample comparisons (1) and (2), it could not be excluded that the two groups (the literature data and the modeled data) were equal, and this supports the hypothesis that the modified Miami model can be used to estimate the ABM. Thus, the results of the paired sample comparisons support the results of the validation based on the approximation process (Table 1) , i.e., that it is possible to estimate the ABM of a single species with the modified Miami model using species-specific variables.
To see the effect of the species-specific variables and the relation between the MAT (Equation 4) and MAP (Equation 5) functions (Equation 7), 3D graphs were drawn for Norway spruce and Miscanthus (Figure 4 ) using the species-specific parameters introduced above. The effect of the different BMmax and of the MATnat with a later start of biomass production in combination with a higher grade led to strong differences between the graphs for the two species. 
Choice of Species-Specific Parameters for the Modified MIAMI Model to Estimate the Above-Ground Biomass Production in Dry Matter for Different Selected Species
The modified Miami model was used to estimate the above-ground biomass production of a species in the dry matter (ABM) of different species on the two sites in Sweden. To compare the ABM of different species on different sites using the modified Miami model, the species-specific parameters for all the species and climate data for all the sites were needed. Table 2 shows the species-specific variables (BMmax and MATnat) in the literature for the different species. The climate data for the two sites are (1) for southern Sweden a MAT of 6 °C and MAP of 750 mm and (2) for northern Sweden a MAT of 3 °C and MAP of 601 mm. The site in northern Sweden lies in the fifth hardiness climate zone, and the site in southern Sweden in the seventh climate zone [45] . On both sites, three species, Norway spruce, Scots pine (Pinus sylvestris L.) and birch (Betula spp.), have together more than 90 percent of the standing volume of all land use classes [46] . In the region of the northern site, the total number of different tree species was 10. Of these, the most frequent was Scots pine with 43.1%vol. In the region of the southern site, sixteen species were found, the most frequent species being Norway spruce with 48.5%vol. The mean volume increment, including the growth of felled trees on forest land, was 3.0 and 5.7, respectively [46] . The soil on both sites is brown soil, and the dominant humus layers are duff and mull in the two regions. The regions are further characterized mainly by Podzols with high frequencies of clay [47] . For BMmax, the averages of the relatively higher biomass production values found in the literature were chosen. The MATnat values are either mean annual temperature values for the native region, when available, or averages of the mean annual temperature values from growing tests, plantations and forestry documented in the literature. Table 2 . Literature values of the maximum biomass production of a species in dry matter (BMmax) and the mean annual temperature of the native distribution area or the average mean annual temperature of the reported growing tests (MATnat) for different species. 
Results and Discussion
The species-specific variables presented in Table 2 , together with the climate data for the two sites described above, were used as input parameters for the modified Miami model. Figure 5 shows the estimated above-ground biomass production of a species in dry matter (ABM) for the different species in both northern (black) and southern Sweden (grey). Although the absolute values for the different species may include a large variation in ABM for a single site, there is a clear trend in the differences between species at the two sites. In northern Sweden ( Figure 5, black) , the only species with a biomass production higher than 4 Mg ha −1 a −1 are Norway spruce and hybrid aspen, while Scots pine, birch and aspen (Populus tremula L.) show a production of more than 3 Mg ha −1 a −1 . Reed canary grass also has a relatively high productivity, which explains why it is cultivated to such an extent in the boreal regions, a fact also supported by literature [38, 40, 95] .
Of the broad-leaved trees, only the pioneer species, such as birch and aspen or alder (Alnus glutinosa (L.) Gaertn.), appear able to survive under boreal climatic conditions, which is also supported by forest inventory data [46] . The findings for other species are also supported by the literature: for Paulownia plantations, a MAT of at least 9 °C [97] or at least the sixth climate zone [98] are recommended, due to the low frost resistance of the fast growing variants of this species [26, 27] ; for Miscanthus, problems of cultivation in colder climate zones were reported [24] . Silver fir (Abies alba Mill.) and Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) favour not overly cool climates with a relatively high precipitation [6, 65, 99, 100] . For the species native to Sweden, the inventory data, such as the percentages of different species in the forest, support the results of the model [46] .
The results, which include (1) a comparison of different species on one site and (2) a comparison of two different sites, show that it is possible to estimate the ABM for different species on different sites using the modified Miami model. This means that this model can be used as a decision support for the plantation of species under different climate conditions, because it shows that the extent of temperature or precipitation are limiting factors for biomass production. The results also demonstrate that both requirements, namely the variation in biomass production and the influence of the minimal temperature for the different species, can be fulfilled.
Nevertheless, it is only a basic formulation to be optimized and validated with a larger quantity of reference data. The most challenging task during the modeling and validation of the model was to find verified data. When data are found, they are generally presented in a more or less wide range, which gives a subjective perspective to the dataset used within the model, even if it was intended to be objective. Most critical for this concept is the use of MAT values from the native distribution area (MATnat) of a species. For some species, it is relatively easy to find plausible values, since they are well documented or native in a relatively limited area, but for others it is quite difficult and this means that mean values estimated over an extended area have to be used. Besides the inclusion of MATnat, the inclusion of evapotranspiration (E) in the MAP function is considered as critical. For this study, the linear correlation between MAT and E according to the findings of Komatsu, Maita and Otsuki [25] was used. However, since E was not allowed to exceed MAP, because this would result in negative biomass production, a logical function had to be included, setting any negative value to zero. Optimization might eliminate this problem. Furthermore, the model has not been verified for higher temperatures, where the MAP function becomes more important. According to the findings of Komatsu, Maita and Otsuki, verification in the range of higher temperatures will show whether it is possible to use the function of E originally developed for mountain forest areas in Japan or whether further adaptation is necessary. However, the best option would be a global formulation for the correlation between MAT and E.
If optimization is carried out for water availability, attempts should be made to manage this via the distribution of precipitation over the year rather than soil water capacity; this approach would further exclude soil data. In general, soil texture and soil structure are critical impact factors, for instance because of water storage capacity and nutrient supply. In Sweden, soil data are quite similar over the entire country, and the factor soil could therefore be treated as a constant in the present study, but this would not be valid for other regions in Europe. On the other hand, topography, even on a small scale, also has a very strong influence on water and nutrient supply, and this would make more general modeling on a larger scale impossible. Furthermore, the exclusion of soil as a separate parameter increases the importance of the choice of the BMmax parameter. Even if soil with poorer conditions would be a reduction factor for the biomass production of the species, this fact should not influence their ranking. An overestimation of above-ground biomass production can be avoided by using average values for BMmax.
The advantage of this model is that the formulation is very easy. The two climate variables (MAT and MAP) necessary for estimating the biomass production for a site can be found quite easily in weather homepages. The challenge in this formulation is to find valid species-specific parameters (BMmax and MATnat). Apart from their effect on ABM, it is simple to demonstrate the influence of climate by changing the values for MAT and MAP.
The model provides some interesting results. Although some of the species listed in Table 2 have an enormous capacity for biomass production, it is not possible to use this potential in Sweden. Paulownia shows a relatively high ABM in southern Sweden, but this must be weighed against high risks, as this species grows on the border of its survival. The situation in northern Sweden seems to be quite different. If the foreign and hybrid species, in particular hybrid aspen, are excluded, only Norway spruce and reed canary grass have a biomass production higher than 4.5 Mg ha −1 a −1 , which explains and emphasizes the importance of Norway spruce for the forest industry in that region. Considering foreign species, Douglas fir, silver fir and larch (Larix spp.) might be alternatives in southern Sweden, but in northern Sweden hybrid aspen seems to be the only alternative tree species worth considering. However, it must be noted that this simulation shows only average values for the above-ground biomass production of a species in dry matter (ABM) in the species-specific rotation period. Estimates of productivity in the developing phases of the plantation are not included, and that may result in a very low biomass production. Moreover, it must be considered that the fast-growing species differ from long-living species at a juvenile age in their periodical growth. Management aspects and the loss of biomass due to death have not been included.
Conclusions
A modified Miami model was used to estimate the above-ground biomass production of a species in dry matter (ABM) in tons per hectare per annum for different species. Modeling was done for two sites, one in northern and the other in southern Sweden. Results demonstrate that it is possible to compare the biomass production of different species at one site, as well as the biomass production of different sites by modeling the ABM.
Results further illustrate the difficulty of introducing new, highly productive species in Sweden, especially in northern regions. In this study, the only tree species competitive with Norway spruce in northern Sweden in terms of the modeled ABM was hybrid aspen. The warmer climate in southern Sweden provides more opportunities for introducing new species, but since these new species presented in this paper would grow on the border of their distribution and survival area, the risks associated with cultivation are quite high. Other foreign species not included in this study might be more suitable for cultivation.
